Multimodality monitoring is a common practice in caring for neurocritically ill patients, and consists mainly in clinical assessment, intracranial pressure monitoring and using several imaging methods. Of these imaging methods, transcranial Doppler (TCD) is an interesting tool that provides a non-invasive, portable and radiation-free way to assess cerebral circulation and diagnose and follow-up (duplex method) intracranial mass-occupying lesions, such as hematomas and midline shift. This article reviews the basics of TCD applied to neurocritical care patients, offering a rationale for its use as well as tips for practitioners.
Introduction
In neurocritically ill patients, multimodality monitoring is of mainstay importance, because clinical examination alone is fairly insensitive to the following disease progression or detecting clinical deterioration [1] [2] [3] .
While invasive intracranial pressure (ICP) assessment is considered a standard tool [4, 5] and is widely used, this procedure is not exempt from risks, principally bleeding and This work has not been presented at any conferences.
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infections, as well as the possibility of erroneous readings and the consequent inappropriate treatments [6, 7] . In these circumstances, other methods, especially non-invasive ones, are of special interest for complementing neuromonitoring. Rune Aaslid's [8] introduction of transcranial Doppler (TCD) in 1982 constitutes an important step for non-invasive bedside study of intracranial artery flow. For this purpose, using a low-frequency ultrasound probe (e.g., 2 MHz) over specific insonation windows, it is possible to gain access to the arteries that shape the Circle of Willis. Later technologic advances improved the ease and availability of the method, as well as extended its applications: for example, the introduction of color M-mode to conventional TCD, transcranial color-coded sonography (TCCS), three-dimensional TCCS and contrast-enhanced TCD [9, 10] .
This review article focuses on the hemodynamic applications of TCD in neurocritically ill patients and discusses the main uses of TCCS.
Technology
TCD is performed in two main ways: traditional non-imaging or "blind" TCD; and TCCS. Table 1 provides a comparison between these techniques. Figure 1 shows the equipment used for performing each method. Although there are no formal recommendations regarding the selection of one method over the other, TCCS is gaining acceptance because it uses the same ultrasound machine and transducer common to general critical care US (i.e., point-of-care ultrasound or POCUS).
Generalities of the TCD study
For obtaining access to cerebral circulation, a low frequency ultrasound probe (2 MHz in average) is placed over the insonation windows (Fig. 2 ) [11] , such as the transtemporal, transforaminal, transorbital and transcervical windows. The transtemporal window allows recognition of anterior cerebral circulation [the intracranial internal carotid artery (ICA), carotid siphon, middle cerebral artery (MCA) and anterior cerebral artery (ACA)], while the transforaminal window is used to explore posterior cerebral circulation [both the bilateral intracranial vertebral artery (VA) and the basilar artery (BA)]. The transorbital window allows the inspection of the carotid siphon as well as the ophthalmic artery. Finally, the transcervical window allows the visualization of the extracranial internal carotid artery. Of the aforementioned insonation windows, the transtemporal one is most important in practice.
The different arteries to be insonated have flows that move toward or away from the transducer (see direction of blood flow in Fig. 3 ) [12] . This is shown in the pulsed wave Doppler as spectrograms in the positive or negative channels, respectively. When using color Doppler or color M-mode, flows that move toward the transducer are coded in red, while flows that move away are coded in blue.
The registered doppler parameters include peak systolic velocity (SV), end-diastolic velocity (DV), mean velocity (MV) and the Doppler indices [pulsatility index (PI) and resistive index (RI)]. PI is automatically calculated as (SV − DV)/MV and RI as (SV − DV)/SV (Fig. 4) . Velocities are dependent on the angle of insonation, while Doppler indices are not; thus, using the latter is preferable when velocities are not accurate (e.g., large insonation angles). In contrast to conventional TCD, TCCS allows electronically correcting the angle of insonation and thus obtaining more accurate velocities [12] . In normal circumstances, cerebral circulation has a low resistance velocity profile on spectral Doppler. This is clearly different from the high-resistance velocity profile seen in resting striated muscle arteries or in the external carotid artery (Fig. 5) . Cerebral blood flow (CBF) running through a vessel is equal to the product of the MV and the cross-sectional area. If the area is normal and constant, CBF will be mainly dependent on variations in the MV. Thus, in this scenario, MV can be considered a surrogate of CBF. Factors affecting the MV (and thus the CBF) are, among others, age, cerebral perfusion pressure, hematocrit, core body temperature, arousal, pain, endotracheal suction and inflammation (e.g., meningitis) [12, 14] . However, when the area is reduced, as in atherosclerotic stenosis or in cerebral vasospasm, an increase in the MV is necessary to maintain the CBF, although in this case the MV is neither interchangeable nor a surrogate of the CBF. In fact, the cerebral perfusion running down the stenosis can be critically compromised, despite the recording of elevated MV. Table 2 shows the factors that can modify the Doppler velocities and indices. Due to the reasons explained above, since many variables can affect the Doppler findings and thus complicate its interpretation, it is important to perform TCD study when the mean arterial pressure is at least 60 mmHg, arterial blood gases (e.g., PaCO 2 ) and core temperature are normal and an appropriate sedation level is achieved [13] .
Conventional transcranial Doppler
In this conventional modality, the transducer is placed over the selected insonation window, obtaining Doppler signals in a blind manner at specific interrogation depths (Doppler shifts are also heard). New machines add color M-mode capabilities, allowing easier detection of flows.
The most important window is the transtemporal, found by placing the transducer above the zigomatic arch and immediately anterior to and slightly above the tragus of the ear ("pterion"). The TCD study is started at a depth of 50 mm, where it is expected to register a flow directed toward the probe (positive in the scale), corresponding to the main segment, or M1, of the MCA (Fig. 6a) . Advancing up to a depth of 65 mm, a bidirectional flow is recorded (positive/negative on the scale), corresponding to the bifurcation of the ICA into the MCA and the ACA. At this point, directing the transducer slightly cephalad and anterior, the first segment, or A1, of the ACA is normally found, with its flow directed away from the probe (negative in the scale) (Fig. 6b) . Returning to the ICA bifurcation, without changing the depth and with slightly caudal angulation, it is possible to register the flow of the carotid siphon moving toward the transducer. Using the ICA bifurcation as a starting point, and orientating the probe slightly posterior and caudal at a depth of 70 mm, reveals the flow of the first segment, or P1, of the PCA toward the probe. From this point, at 80 mm, the second segment, or P2, of the PCA is normally registered, with flow signals moving away from the transducer (Table 3) [11, 12, 14] .
In some percentage of patients (20% approximately), it is not possible to obtain Doppler signals using the transtemporal approach [12] . Detection rates are worst in aged woman. In that situation, the anterior circulation (at least in part) can be evaluated using the transorbital window, where the carotid siphon is found at a depth of 80 mm, with flow moving toward or toward/away the probe. At a depth of 40 mm is the ophthalmic artery (OA), with flow typically moving toward the transducer (Table 3) . In contrast to intracranial arteries, the OA has a high-resistance velocity profile [11] . Precautions should be taken into account when using the transorbital window; it is recommended to decrease the power output to 20% in order to avoid potential risks of ocular damage [15] . In transforaminal windows, the patient is placed in lateral decubitus, with the neck flexed so the chin touches the chest [15] . The transducer is placed along the midline below the occipital prominence and directed toward the nose. Study starts at a depth of 55 mm by slightly angulating laterally the probe to find a flow moving away from the transducer, corresponding to either one of the intracranial vertebral arteries. By increasing the depth up to 120 mm, it is possible to register the flow of the basilar artery, also directed away from the transducer (Table 3 ). Flow detection rates are worse than with the transtemporal window.
In the transcervical window, the probe is placed below the angle of the mandible, medial to the sternocleidomastoid muscle, and angulated upward at a depth of 40-50 mm to obtain a low resistance flow corresponding to the distal extracranial ICA (Table 3 ). The low resistance velocity profile of the ICA should not be confused with the high-resistance flow of the external carotid artery (ECA), which also has a sharp systolic upstroke and an early diastolic notch (see Fig. 5 above) . The temporal tapping maneuver sometimes helps in difficult cases [15] . As mentioned below, the MV of the distal ICA is important for calculation of the Lindegaard index, which contributes to distinguishing hyperemia from vasospasm [11] . Normal values of velocities and indices are provided in Table 4 .
Hemodynamic patterns recognized by transcranial Doppler
There are some controversies regarding the value of TCD for assessment of cerebral perfusion, probably due to the many variables that affect Doppler parameters (see Table 2 ). TCD findings must be integrated into the patient's context and thus caution should be exercised when interpreting its values in an isolated manner. Of note, trends are more important than isolated values and thus helpful in the diagnostic process.
The following hemodynamic patterns can be described using TCD [16, 17] : Normal MV and PI within normal reference values [18] . 
Hypoperfusion or low flow
It is defined as the velocities below the normal reference values with or without elevation of the Doppler indices. Ract et al. [19] defined hypoperfusion as when MV < 30 cm/s, DV < 20 cm/s and PI > 1.4 (Fig. 7) . is < 3; while vasospasm when the LI is > 3 (Figs. 8 and 9 ). The Lindegaard index of the posterior circulation is also described, with the ratio of the MV BA and the extracranial vertebral artery, or the ratio of the intracranial VA and the extracranial VA, since vasospasm can also occur in these vessels. An LI < 2 suggests hyperemia, while > 2 indicates vasospasm.
High resistance
It is defined as the PI above reference values with normal velocities. This pattern is observed not only in the initial phases of increased ICP, but also in non-pathological circumstances. 
Cerebral circulatory arrest
It is defined as the presence of reverberating flow, systolic spikes or the disappearance of previously registered Doppler flow signals [11, 14] . To define this diagnosis, the recording of these patterns in both the anterior circulation (MCA) and posterior circulation (BA, intracranial vertebral arteries) is desirable (Fig. 10) . To confirm the irreversibility of the CCA, two readings 30 min apart must show the described patterns. When the MCA and BA/VA flows are not detected, transorbital insonation of the ICA and extracranial interrogation of the ICA or the vertebral arteries may display the same CCA patterns, although it is noted that these signals appear later compared to the MCA or BA. False positives are found in subarachnoid hemorrhage with a sudden rise in ICP, transient rises in ICP and in cardiac circulatory arrest. False negatives can be found in cases of loss of skull hermeticity, such as in fractures, decompressive craniectomy and ventriculostomy [20] . Table 5 shows the main TCD hemodynamic patterns and differential diagnosis.
Decision-making process according to the TCD pattern
When detecting new hemodynamic alterations using TCD, it is of paramount importance to correlate TCD with ICP readings and clinical or other imaging data to avoid misinterpretation. As previously mentioned, trends are better than isolated values; thus, performing repeated TCD readings or eventually using a continuous monitoring system (e.g., helmet) are encouraged. When it is clear that hemodynamic alterations are not transient, repeating the cranial CT or other imaging techniques (e.g., angiography) is usually mandatory. However, these practices are not risk free, because they require translating an unstable patient to the radiology department. Since neurocritical care patients usually require immediate interventions, some of these can be started with the data provided by TCD, allowing temporary deferral of moving the patient until a safer time. Table 6 shows some TCD-guided interventions that can be performed at the bedside.
Limitations of conventional TCD
The main limitations of TCD are its operator dependency and the presence of adequate insonation windows [12] .
Another limitation is the possibility of registering inaccurate velocities due to wrong insonation angles (lower than 20° are acceptable). Contrast-enhanced ultrasound (CEUS), proven to improve ultrasound accuracy in several fields [21] [22] [23] , may also improve detection of flows in non-conclusive TCD [24] , although its main limitations are availability and cost.
Transcranial color-coded duplex sonography
TCCS is poorly known and thus underutilized in neurocritical care. TCCS is performed using the same equipment as general ultrasound in critically ill patients, and the same transducer as transthoracic echocardiography (i.e., phased array probe). TCCS uses the same insonation windows as TCD. In addition to the hemodynamic diagnosis common to TCD, this modality provides two-dimensional imaging of intracranial structures, as well as color Doppler depiction of the relevant vasculature, allowing faster and easier finding of the arteries [15, 25] . Another advantage is the correction Similar to TCD, the transtemporal is the main window and thus the first performed. In the transtemporal window, three main planes are recognized using TCCS: the mesencephalic, the diencephalic and the ventricular plane. The mesencephalic plane is characterized by central hypoechoic butterfly-shaped cerebral peduncles, surrounded by the hyperechoic basal cisterns (Fig. 11a) . Angulating ten grades cephalad, the diencephalic plane is now recognized by the central two hyperechoic line corresponding to the third ventricle, the hypoechoic thalami on each side of the third ventricle and the hyperechoic pineal gland (Fig. 11b) . With further cephalad angulation, the ventricular plane is now demarcated by the frontal horns of the lateral ventricles (Fig. 11c) . The mesencephalic and diencephalic planes are commonly used for vascular diagnosis, because in these planes the Circle of Willis is found [15, 25] (Fig. 11d) .
In the transforaminal window, a central hypoechoic structure is recognized, corresponding to the foramen magnum; color Doppler shows an inverted "v" normally coded blue, corresponding to the intracranial segment of the vertebral arteries and the basilar artery (Fig. 12) .
The transorbitary window shows the anechoic globe and the echogenic retrobulbar area. On color Doppler, approximately at a depth of 40 mm, the ophthalmic artery (coded red) crosses the optic nerve (Fig. 13) . At a depth of 80 mm, the carotid siphon can be investigated, as in TCD. The utility of this window also lies in the possibility of measuring the optic nerve sheath diameter (ONSD) for non-invasive assessment of intracranial pressure [15] .
On color Doppler, the transcervical view shows a flow coded blue, corresponding to the ICA or the ECA; these flows must be differentiated using the PW Doppler with the criteria mentioned above (see Fig. 5 above) .
Although the main use of TCCS is hemodynamic assessment, two-dimensional capabilities (and sometimes color Doppler) offer the possibility to detect relevant pathologic findings for the most common neurocritical care scenarios [26] . TCCS can be helpful in detecting intra-axial intracranial hematomas (i.e., intraparenchymal hematomas) and extra-axial intracranial hematomas (epidural and subdural), 
Intracranial hematomas
Acute (< 5 days) intra-and extra-axial hematomas present as hyperechoic masses [15, 26] . After 5 days, the hematomas become hypoechoic with a peripheral hyperechoic halo (Fig. 14) . Detecting intracranial hematomas with TCCS depends principally on location more than on size; thus, deep hematomas (e.g., hypertensive bleeding in basal ganglia) are best recognized in comparison with lobar hematomas, such as parietal or frontal lobe hematomas. Reported sensibility and specificity for TCCS in detecting hematomas in hemorrhagic stroke are 94 and 95%, respectively, while the reported detection rate in extra-axial hematomas is 88% [15] .
The main differential diagnoses of hematomas on TCCS are the arteriovenous malformations and cerebral tumors, which are also hyperechoic; thus, confirming the TCCS findings with a CT is mandatory when new bleeding is suspected.
An interesting application of TCCS is in detecting the expansion of hematoma; this has good correlation with the CT. This requires measuring the volume of the hematoma using both axial and coronal planes and calculating the volume using the formula: (A × B × C)/2 [15] , where A corresponds to height, B to anteroposterior diameter and C to transverse diameter (Fig. 15) .
Midline shift
The midline shift (MLS) is evaluated in the diencephalic plane. A first measurement ("A") is taken from the start of Fig. 16) . A good correlation with CT has been demonstrated in several studies. An MLS > 2.5 mm on TCCS is considered significant and its detection is helpful in deciding the optimal time to perform a new TC [15, 27, 28] .
In cases of decompressive craniectomies, cephalohematomas, skull fractures or evident cranial asymmetries, this method of measuring the MLS is inaccurate. Particularly for decompressive craniotomies, a direct method of measuring the MLS, with a good correlation with the CT, consists of insonating over the skull defect and measuring the deviation of the septum pellucidum in comparison with the midline given by the cerebral falci [29] .
Hydrocephalus
Measurement of third ventricle dilation on TCCS has a good correlation with CT. For this application, a diencephalic plane is used-the third ventricle measured from inner border to inner border [28, 30] . Reference values are 4.8 ± 1.9 mm in patients younger than 60 years and 7.6 ± 2.1 mm in patients older than 60 years [31] . Ventricular dilation on TCCS does not seem to correlate well with the CT. This is mainly because of the large inclination of the ultrasound beam needed to visualize this structure. However, repeated measurements are of special value, as demonstrated by Kiputh et al. [32] in 37 adult patients with posthemorragic hydrocephalus, in which lumbar or external ventricular drainage was reopened or removed after repeatedly measuring the lateral ventricle diameters by TCCS.
Conclusions
Within a multimodal monitoring strategy, transcranial Doppler has an increasing role in the routine monitoring of neurocritical care patients. Since TCD is not invasive, is portable and does not emit ionizing radiation, this method can be initially considered for hemodynamic assessment and thus collaborating in inferring cerebral perfusion at patients' bedsides. In the case of TCCS, two-dimensional imaging may also contribute to diagnosis and follow-up. It is important to note that TCD must be used appropriately and that it does not exclude the use of other imaging techniques, such as CT. Finally, to the authors' knowledge, neither the basic TCD competencies nor the learning curve are defined for intensivists; thus, a competence-based curriculum is necessary and expected in the near future.
